18 F-labeled tetrazine derivative was developed aiming at optimal radiochemistry, fast reaction kinetics in inverse electron-demand Diels−Alder cycloaddition (IEDDA), and favorable pharmacokinetics for in vivo bioorthogonal chemistry. The radiolabeling of the tetrazine was achieved in high yield, purity, and specific activity under mild reaction conditions via conjugation with 5-[ 18 F]fluoro-5-deoxyribose, providing a glycosylated tetrazine derivative with low lipophilicity. The 18 F-tetrazine showed fast reaction kinetics toward the most commonly used dienophiles in IEDDA reactions. It exhibited excellent chemical and enzymatic stability in mouse plasma and in phosphate-buffered saline (pH 7.41). Biodistribution in mice revealed favorable pharmacokinetics with major elimination via urinary excretion. The results indicate that the glycosylated 18 F-labeled tetrazine is an excellent candidate for in vivo bioorthogonal chemistry applications in pretargeted PET imaging approaches.
M olecular imaging techniques play an increasingly important role in the clinic and in drug discovery and development. 1, 2 Positron emission tomography (PET) is a quantitative and sensitive imaging method that uses radiotracers labeled with positron-emitting radionuclides, allowing the detection of as little as picomoles of the radiotracer. 3 Fluorine-18 ( 18 F) is the most widely used PET isotope in nuclear medicine with half-life of 109.8 min. The advantages of 18 F include the ease of production with high yield and high specific activity. Furthermore, it has a low positron energy, which contributes to improved resolution and high quality of the PET image. 4, 5 Bioorthogonal chemistry has demonstrated great potential in molecular imaging. 6−14 Tetrazine ligation with dienophiles exhibits the fastest reaction kinetics known in bioorthogonal chemistry so far, which is a great advantage for imaging under the tracer conditions of PET. 15, 16 The fastest kinetics with this inverse electron-demand Diels−Alder cycloaddition (IEDDA) of tetrazines are achieved with trans-cyclooctene (TCO). However, even simpler dienophile scaffolds such as norbornene show superior second order rate constants when compared to other bioorthogonal reactions. 17 This makes the IEDDA reaction a lucrative candidate for the use of tracers labeled with short-lived isotopes for in vivo imaging. Recently, 64 Cu and 111 In labeled tetrazines have been successfully used in pretargeted in vivo imaging of tumor specific monoclonal antibodies. 13, 14, 18 Despite the recent great progress in the synthetic development of new IEDDA ligands for PET imaging, no successful 18 F-labeled IEDDA ligands for pretargeted imaging in vivo have been reported so far.
The tetrazine ligation with TCO can be carried out in mild conditions with high radiochemical yields even with a shortlived isotope like 11 C (half-life = 20.4 min). 19 A 18 F-labeled TCO derivative has been successfully used as a prosthetic group in radiolabeling of peptides and proteins. 9 The use of TCO as a radiolabeled tracer in vivo has failed due to rapid isomerization of TCO in plasma to its less reactive isomer, cis-cyclooctene (CCO), by copper-containing biomolecules. 20 Therefore, the radiolabeling of TCO to accomplish in vivo bioorthogonal reaction has proven to be an unsuccessful strategy. Instead, radiolabeled tetrazine derivatives have been shown to maintain their reactivity also in vivo. 12, 14 When clinical applications of pretargeted PET imaging are considered, 18 F would be the ideal isotope due to its general availability and optimal physical properties. 9, 21, 22 
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1 would be more water-soluble compared to other radiolabeled tetrazines because of the three hydroxyl groups in the 5-fluoro-5-deoxyribose moiety. Low lipophilicity is desired to achieve minimized nonspecific binding of the synthesized tetrazine in vivo. 28−31 High lipophilicity also typically leads to higher levels of liver and intestinal radioactivity, making quantification of nearby organ uptake challenging. 32, 33 A low-lipophilicity, fastclearing tetrazine would be especially beneficial for pretargeted immunoimaging, resulting in substantially decreased radiation burden to nontarget tissues in contrast to using a conventionally radiolabeled antibody construct. 34 In general, tracers with low lipophilicity have higher tendency to stay in the extracellular space unless actively transported. Fluorination at the five position is aimed to prevent phosphorylation of the 5-
) by ribokinase in hepatocytes, thus minimizing the possible nondesired liver accumulation due to active transportation and phosphorylation of ribose in the cells. 35 Compound 4 was prepared in two steps from the BOCprotected aminooxy acetic acid (2) and 4-tetrazinylphenyl methamine (3), followed by deprotection of the aminooxy group by HCl (Scheme 1). The synthesized aminooxyfunctionalized tetrazine (5) was subsequently used for reaction with 5-fluoro-5-deoxyribose (6) to yield the fluorinated conjugate (1) , mean ± s.d., n = 5, 317−1478 MBq at the end of synthesis). The total duration of the synthesis was 2 h. Radiochemical purity was >99% and the specific activity up to 809 GBq/μmol.
Compound 1 has an imine double bond and was found to exist as E/Z isomers (E:Z = 3:1). Isolated single E and Z isomers interconvert back into the original isomeric mixture over time (Figure 1 ).
In vitro stability of [ 18 F]1 in PBS (pH 7.41) at room temperature (RT) and in mouse plasma (50% whole plasma in PBS) at 37°C was monitored over a period of 6 h. At the designated time points samples were taken and injected to HPLC to determine the amount of intact [
18 F]1. The isomers showed no difference in their stability (see SI, separate stability curves for 90% E and 90% Z isomers). Almost 90% of the intact [
18 F]1 was observed after 2 h incubation in plasma, followed by relatively fast degradation reaching 50% after 6 h. The combined results of both isomers are presented in Figure 2 . Lipophilicity of 1 was determined with the shake flask method by measuring the distribution coefficient of [
18 F]1 between 1-octanol and 0.02 M phosphate buffer at pH 7.41. Interestingly, the isomers exhibited a slight difference in their lipophilicity. The logD 7.41 values for E and Z isomers were −0.43 ± 0.02 and −0.02 ± 0.02 (n = 4, mean ± s.d.), respectively.
Reaction rates of 1 were determined with three different dienophiles ( Table 1 ). The reaction kinetics were measured with a stopped flow spectrophotometer by monitoring characteristic tetrazine absorption at 270 or 534 nm. All kinetic measurements were conducted under pseudo-first-order conditions in triplicate. The measurements were performed in 10− 20-fold excess of dienophile in methanol, and for 7 also in mouse plasma (50% in PBS, pH 7.41). Reactions in methanol and plasma were monitored at 25 and 37°C, respectively. All kinetic measurements were performed with 1 in E/Z forms ratio of 3:1. The second-order rate constants with different dienophiles are summarized in Table 1 . As expected, significantly increased reaction rate was observed with 7 in mouse plasma compared to methanol. This is due to the hydrophobic effect that has been reported to increase IEDDA reaction rates. 36 The ex vivo biodistribution of [ 35 This indicates that, due to the fluorinated 5-position, neither [ 18 F]1 nor its radioactive metabolites are accumulated to the hepatocytes as a result of ribokinase activity. However, contribution of the [ 18 F]6 moiety on the observed intestinal radioactivity still needs further investigation. Although, a more detailed analysis of the observed high intestinal accumulation revealed that it is mainly due to radioactivity of the content: 11.5 ± 9.0%ID/gram (empty ileum, n = 3) versus 66.7 ± 17.4%ID/gram (content of ileum, n = 3), and thus originating mainly from the hepatobiliary excretion. 
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